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In this thesis we have addressed the relation between the microstructure
and the physical properties (conductivity, magneto-resistance and magneti-
sation) of epitaxial Fe3O4 films.
As was discovered several years ago, epitaxial Fe3O4 films consist of struc-
tural domains, separated by anti-phase boundaries (APBs) [23, 24, 36].
It was postulated that the magnetic coupling across the APBs is anti-
ferromagnetic, which strongly influences the spin-polarised conduction elec-
trons.
The main questions addressed in this Ph-D research project are:
- How does the presence of the APBs influence physical properties such as
resistivity, magneto-resistance and the magnetic properties of these films?
- Can we study the magneto-resistance behaviour of epitaxial Fe3O4 films,
and across one APB in particular?
- What is the exact structure and magnetic coupling at the boundaries?
- How can we influence the APB density and what about the thermal sta-
bility of the APB?
In order to address all these questions, we have grown various Fe3O4 films
and systematically studied their microstructure, their magneto-resistance
behaviour and magnetic properties.
In this chapter we will describe the main results presented in this thesis,
discuss the questions raised above and discuss which new questions have
arisen.
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9.2 Main Results
Domain size and thermal stability of the anti-phase bound-
aries.
The domain size increases with film thickness. The growth of the domain
size is due to a diffusive motion of the APB. The APB can thus anneal out
with (deposition) time. This occurs at relatively low temperatures (125-
300◦C), because the activation energy for APB diffusion is rather low, 26±5
kJ/mol (250 meV).
The domain size was also found to depend on the growth parameters tem-
perature and oxygen flux. The domain size increases with increasing growth
temperature and decreases with increasing oxygen flux. Interestingly, the
domain size does not depend on the iron flux, from which we proposed that
iron can diffuse fast across the surface and oxygen is the rate determining
species.
Structure and magnetic coupling at the anti-phase bound-
aries.
When the APBs are formed, there are seven possible shift vectors: 1/2[100]
and six different 1/4〈110〉 of which two are in the plane of the film and four
are out-of-plane. We studied the distribution of these shift vectors. APBs
with 1/2[100] shift vector are hardly present. The APBs with an in-plane
shift vector are present in larger proportions than the ones with an out-of-
plane shift vector.
We have further studied the relationship between the APB shift vector and
boundary plane and the resulting magnetic coupling across the boundary.
When the shift vector is in the plane of the film, the boundary plane is
perpendicular to the shift vector. In this case the magnetic coupling across
the boundary is frustrated in the sense that it can be both ferromagnetic
and anti-ferromagnetic. When the shift vector is out-of-plane, the boundary
plane can be either of the {100} type making an angle of 45◦ to the shift
or of the {310} type making an angle of 42◦ to the shift. The magnetic
coupling will be ferromagnetic when the boundary plane is {100} and anti-
ferromagnetic when the boundary plane is {310}.
Origin of the increased resistivity in epitaxial Fe3O4 films.
We have found a relationship between the presence of anti-phase bound-
aries and the resistivity of epitaxial Fe3O4 films. The resistivity of the films
strongly depends on the film thickness as the resistivity increases with de-
creasing film thickness. We have shown that this can be related to a strong
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increase in anti-phase boundary density.
We have used the effective medium approximation to describe the con-
ductivity of the films, which is a function of both the bulk and boundary
conductivities and of the fraction in which both phases are present.
Magneto-Resistance properties of epitaxial Fe3O4 films.
We have studied the magneto-resistance properties of epitaxial Fe3O4 films
and presented a model to describe the magneto-resistance. The model
describes the spin-polarised electron hopping across an anti-ferromagnetic
boundary between two ferromagnetic chains. The model incorporates mag-
netic anisotropy and the magneto-resistance thus depends on the orientation
of the magnetic field with respect to the film surface, which has also been
observed experimentally.
The model predicts very high magneto-resistance for a single boundary
measurement. However, in the Fe3O4 films the domain size is very small,
less than 50 nm, and the magneto-resistance is consequently measured over
many boundaries. This greatly reduces the MR effect and complicates the
modelling.
Superparamagnetic behaviour of epitaxial Fe3O4 films.
Superparamagnetic behaviour only occurs for very thin films. The rea-
son for this was believed to be the fact that the anti-ferromagnetic coupling
is frustrated at most of the boundaries and that for thin films the volume
of the domains is small enough such that their magnetic moments are able
to fluctuate. We have shown that the superparmagnetic behaviour can be
tuned in thicker films. This is achieved by reducing the growth tempera-
ture, such that the domain size decreases. The magnetic coupling across
a boundary is not necessarily anti-ferromagnetic. It can be either ferro-
magnetic or anti-ferromagnetic. The resulting coupling will then depend on
interactions with other neighbouring domains. This also means the number
of anti-ferromagnetic exchange interactions across the boundaries is not as
large as initially assumed. The anti-ferromagentic energy barrier can thus
be overcome and the moments will be able to fluctuate. In that case, the
shape anisotropy vanishes, which is visible in the magneto-resistance curves.
9.3 Remaining questions and recommendations
As discussed above and in chapter 4, the domain size increases with film
thickness and with annealing time. The domain size of a 3 nm thick film
(deposition time: 12 minutes) is about 5 nm. This probably means the
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domain size in the first monolayers is even smaller. The question of what
happens in the first stages of growth thus remains and this is a very inter-
esting issue.
Furthermore, if the domain size in the first monolayers is indeed so extremely
small, it will probably have an influence on the stoichiometry. Mo¨ssbauer
spectroscopy suggests there is more Fe3+ in samples that consist of only a
few monolayers. When studying the electronic properties of such thin films,
a structural investigation should not be omitted.
Even though the domain size increases with annealing time and with growth
temperature, the resulting domain size is still very small. In order to obtain
larger domain sizes, a different approach is necessary. Growth on MgAl2O4
(spinel structure) also seems to result in a domain structure. The mismatch
with MgAl2O4 is rather high, 4%.
One option would be to grow Fe3O4 films on a spinel compound that is insu-
lating with the same lattice constant as magnetite. This could for instance
be magnesium ferrite (MgFe2O4) or cobalt ferrite, CoFe2O4. They can be
grown on the MgAl2O4 substrate as a buffer layer to accomodate the misfit
and the magnetite film can then be grown on top of the buffer layer.
The domains in the epitaxial films are structurally intergrown and the
magnetic properties of adjacent domains are strongly coupled. The APB
are atomically sharp interfaces without a disordered region with switchable
magnetic properties. The magneto-resistance across one APB is expected to
be very large. Measuring the MR of one APB is further interesting because
it occurs on a very short length scale. There are however two complications.
First, an anti-ferromagnetic coupling is not always present across the APBs
(as was shown in chapter 5). This complicates making device structures
because not all APBs give an MR effect. Furthermore, the domain size is
small which complicates the fabrication of electrical contacts.
We have attempted to fabricate contacts on the nano-scale using a focussed
ion beam (FIB) ∗. The contacts consisted of platinum (Pt) and were sepa-
rated about 80 to 100 nm apart. They were linked to larger gold (Au) con-
tacts. An SEM image of the Pt contacts is shown in Fig. 9.1. Unfortunately,
no magneto-resistance was observed and after measuring for 1 to 2 hours,
the resistance increased by one order of magnitude which was related to
damage in the region between the nano-contacts.
It is not fully understood why no magneto-resistance was observed and why
damage occurred. Checking the contact resistance would be necessary, be-
cause the resistance of the Pt can be quite large. We used the two point
∗ The FIB experiments have been performed at the technical university of Delft and we
are grateful to Paul Alkemade for carrying out the experiments.
9.3. Remaining questions and recommendations 119
Figure 9.1: Scanning electron microscopy (SEM) image of Pt nano-contacts
deposited on a 50 nm thick Fe3O4 film.
geometry, a four point geometry would be preferable.
The fact that the APB can anneal out at relatively low temperatures also
limits the use of these structures in devices. During a measurement the
sample can heat up and the APBs will then migrate.
It also makes it more difficult to control the position of APBs. For instance,
using a stepped surface to grow and pin APBs at the steps will not be pos-
sible.
It would be very interesting to measure the magnetic structure of these films.
As discussed above, an anti-feromagnetic coupling is not always present at
the APBs. The complication in measuring the domain structure is again
the very small domain size. This precludes magnetic force microscopy as a
tool to investigate the magnetic structure because the resolution is too low.
There are however two options.
One option could be electron holography, which permits one to investigate
magnetic flux lines on a small scale, even though ultrathin films with very
small domain sizes can probably not be examined. The advantage of this
technique is that the magnetic structure can be related to the structure of
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the APBs.
The other options would be to perform spin-polarised scanning tunneling
microscopy (SP-STM) measurements. Also in this case, the magnetic struc-
ture can be directly related to the structure at the APBs. It would be best
to perform these measurements in situ, because this technique is very sen-
sitive to the surface. Cleaning the surface after transporting the sample in
air might lead to changes in the surface structure.
